Nucleotide sequence of a glycine transfer RNA coded by bacteriophage T4  by Barrell, B.G. et al.
Volume 37, number 1 FEBS LETTERS November 1973 
NUCLEOTIDE SEQUENCE OF A GLYCINE TRANSFER RNA 
CODED BY BACTERIOPHAGE T4 
B.C. BARRELL, A.R. COULSON and William H. McCLAIN 
Medical Research Council, Laboratory of Molecular Biology, 
Hills Road. Cambridge, England 
and 
Department of Bacteriology, The University of Wisconsin, 
Madison, Wisconsin 53706, USA 
Received 20 August 1973 
1. Introduction 
Upon infection of Escherichia coli, bacteriophage 
T4 directs the synthesis of eight tRNA species [I] that 
include acceptor activities for the amino acids arginine, 
glycine, isoleucine, leucine and proline [2,3] . The nu- 
cleotide sequence of a T4-coded leucine tRNA has re- 
cently been determined [4]. The amenability of the 
T4 tRNA system to a variety of analyses has allowed 
extensive study of T4 tRNA genetic organisation 
[ 1,571, physiological role [8,9] and biosynthesis 
[lo, 111. 
In the present work we report the nucleotide se- 
quence of a T4 glycine tRNA. It consists of 74 nucleo- 
tide residues that can be arranged in the usual clover- 
leaf structure. A minor nucleotide located in the first 
position of the anticodon may allow selective recogni- 
tion of GGA, or GGA and GGG glycine codons. 
2. Results 
2.1. Isolation of tRNAGh 
When E. coli is infected with T4 and pulsed with 
[32P]orthophosphate, and the low molecular weight 
RNA is extracted with phenol and analysed on a 10% 
polyacrylamide gel, eight components are seen (fig. 1). 
Because the synthesis of host RNA is completely ter- 
minated upon infection, all eight of these RNA com- 
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ponents originate by transcription from T4 DNA [I]. 
Material in the position of tRNAG1v (fig. 1) was 
eluted from the gel as previously described [ 1 ] , and 
subjected to sequence analysis which employs electro- 
phoretic fractionations on paper followed by auto- 
radiography, according to the methods of Sanger [ 121. 
The tRNAG’J’ obtained in this manner is 80-90% 
pure, judging from the yields of products obtained 
after digestion with ribonuclease A or Tl . 
2.2. Sequence of the small ribonuclease T, products 
The sequences of the ribonuclease T, products and 
their molar yields are shown in fig. 2. The sequences 
of the smaller products (Gp, C-Gp, A-Gp, pGp, 
U-Gp and A-U-Gp) were determined by their posi- 
tion on the fingerprint and from the products of diges- 
tion with ribonuclease T, and ribonuclease A. 
2.3. C-U-C-C-AOH 
Ribonuclease T2 digestion of this product gave 
Cp (3), Up (1) whereas complete digestion with snake 
venom phosphodiesterase gave pC (2), pU (I), pA (1) 
giving the partial sequence C(U, C, C,)A,, . Limited 
digestion with snake venom phosphodiesterase gave 
the products C-U-C-Co, and C-U-CO,, whose 
sequences were determined by complete digestion 
with snake venom phosphodiesterase and alkaline hy- 
drolysis. 
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Fig. 1. Autoradiograph of 32P-labeUed RNA from T44nfected 
and uninfected E. coli cells fractionated by electrophoresis on 
a 10% polyacrylamide gel [ 11. As extracted from this gel, 
tRNAGly was estimated to be 80-90% pure, as judged by 
molar yields of products obtained after digestion with ribo- 
nucleases A or T 1 
2.4. T-I/J-C-Gp 
Ribonuclease T, digestion followed by chromatog- 
raphy on thin-layer plates using the two-dimensional 
system of Nishimura [ 131 gave one mole each of Tp, 
tip, Cp and Gp. Dephosphorylation with bacterial al- 
kaline phosphatase followed by limited digestion with 
snake venom phosphodiesterase gave the products 
T-$--C-G,, and T-r&C,,‘, which were character- 
ised by complete digestion with snake venom phospho- 
diesterase and ribonuclease T,. 
2.5.A-U-A-U-C-Gp 
Ribonuclease T, and ribonuclease A digestions 
gave the composition A-Up (2), Cp (l), Gp (1). The se- 
quence was established by ribonuclease U, digestion, 
which gave products of Ap, U-Ap and (U,C)Gp. 
10 UAUAAUGm*‘G 
11 AUUCUCAUUAUCCG 
12 DAUUACCUCAG 
7 AUG (2) 
3 CG 
Fig. 2. Autoradiograph of a two-dimensional fractionation of 
ribonuclease Tt products of tRNAGlY. Molar yields of the 
products are one, based on the final sequence, unless other- 
wise indicated. The position of 6p in product 13 has not been 
unequivocally established (see text). Electrophoresis [121 on 
cellulose acetate in pyridine acetate, 7 M urea, pH 3.5, from 
right to left (first dimension); and on DEAE paper in 7% for- 
mic acid (v/v) from top to bottom (second dimension). 
2.6. U-A-U-A-A-U-Gm2’-Gp 
This product was also present in some preparations 
as U-A-U-A-A-U-Gp, presumably arising by un- 
dermethylation of the Gm2’-Gp, thereby allowing 
cleavage by ribonuclease T,. The identity of Gm2’- 
Gp was established by chromatography in the system 
of Nishimura [ 131. Ribonuclease T3. digestion gave a 
composition of Up (3) Ap (3), Gm2’-Gp (1). Ribonu- 
clease A digestion gave A-Up (1) A-A-Up (1) 
and Gm2’-Gp (1). Limited digestion with ribonu- 
clease A (enzyme to substrate ratio of 1:400 for 
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Fig. 3. Autoradiograph of a tw;$imensional fractionation of 
ribonuclease A products tRNA y. Other conditions were as 
for fig. 2. 
15 min at 0°C) gave (Up, A-Up) and A-A-U-Gm2’- 
Gp. Ribonuclease U2 digestion gave the products 
U-Ap, U-A-Ap and U-Gm2’-Gp. These products 
uniquely define the sequence. 
2.7.A-U-U-C-U-C-A-U-U-A-U-C-C-Gp 
Alkaline hydrolysis and ribonuclease A digestion 
gave the composition A-Up (3), Up (3) Cp (4), Gp (1). 
Modification with carbodiimide, followed by ribonu- 
clease A digestion, deblocking with ammonia, and 
then digesting with ribonuclease U2 gave the following 
products: A-U-U-Cp, U-Cp, (Ap, U-U-Ap) U-Cp, 
Cp and Gp. Ribonuclease U2 digestion followed by 
carbodiimide modification and ribonuclease A cleavage 
gave the products Ap, (U-U-Cp, U-Cp) Ap, U-U- 
Ap and (U-Cp, Cp) Gp. These three sets of data enable 
the sequence to be deduced. 
Fig. 4. Autoradiograph of a two-dimensional thin-layer chro- 
matographic fractionation of ribonuclease Ts digestion prod- 
ucts of tRNAC*y. 5 clg of RNA containing 10’ cpm of 32P 
were digested (4 hr at 37°C in 10 ~1 of a solution containing 
3 rg/ml ribonuclease Ta and 0.25 mg/ml each of ribonucleases 
A and Tr buffered in 0.05 M ammonium acetate, pH 4.5) and 
then subjected to two-dimensional ascending chromatograp;ry 
on a thin-layer cellulose plate (20 X 20 cm); first run in iso- 
butyric acid-O.5 M NH3 (5:3,v/v); second run at right angles 
to the first in isoproponal-HCl-water (70: 15: 15, v/v/v) [ 131 
2.8. D-A-U-U-A-C-C-U-C-A-Gp 
This oligonucleotide was obtained in some prepara- 
tions with Up instead of Dp (identified by two-dimen- 
sional chromatography [ 131) at the 5’ end. Ribonu- 
clease T2 and ribonuclease A digestions gave the fol- 
lowing compositions: Dp (l), Up (2), Cp (2), A-Up (I), 
A-Cp (l), and A-Gp (l).Limited digestion with ribo- 
nuclease U2 (0.1 units/ml for 30 min at 21”(Z), fol- 
lowed by complete digestion of the products with 
ribonuclease U2, gave the following set of products: 
D-A-U-U-A-C-C-U-C-A-Gp 
-(I 
I , 
1 I 
I I 
I I 
The structure of D-Ap and U-U-Ap was estab- 
lished by digestions with ribonuclease T,. The se- 
quence of the ribonuclease U, product C-C-U-C-Ap 
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pzCGGAU*UCGUAUAAUG,2~ GDAUUACCUCAGACilBCCdA~cUGAUGAUG”GAGTICG*””C”CA”“A”CCGC”CCA~” 
I I I I I I I I I I 
I I 
I(II I --____ 
I 1 I___ 
I J 
I I 
I I I 
I I 
I I 
I I 
Fig. 5. Nucleotide sequence of tRNA G1y showing the products obtained by limited digestion with ribonuclease A. The material 
used for this analysis contained normal amounts of all minor nucleotides except 6p, which was completely unmodified. 
was established as follows. Carbodiimide modifica- 
tion followed by ribonuclease A digestion gave a 
U-Cp. The location of U-Cp was then established 
by treating C-C-U-C-Ap with polynucleotide 
phosphorylase in the presence of bacterial alkaline 
phosphatase and inorganic phosphate; the product of 
this digestion co-electrophoresed at pH 3.5 on DEAE 
paper with known C-C-U,, and not with 
C-U-C&r , the only other possible sequence isomer. 
Alkaline hydrolysis of C-C-U,, gave Cp as the 
only product. 
2.9. A-C-U-l?-C-C-A-A-+-C-U-Gp 
This product was located in one of three positions 
on the fingerpiint, depending on the state of modifi- 
cation of the Up residue, which varied with different 
RNA preparations. It migrated with T, product 12 
in the completely unmodified form, in which case it 
could be further purified by subsequent homochro- 
matography. The product could also be found in posi- 
tions 13 and 13’ on the fingerprint. Most of the se- 
quence analysis was performed on the completely un- 
modified form. Ribonuclease Ta and ribonuclease A 
digestions gave the composition A-Cp (l), Up (3) 
Cp (3) A-A-tip (1) and Gp (1). Ribonuclease U, 
digestion followed by carbodiimide modification and 
then ribonuclease A digestion established the follow- 
ing sequence: A-C-(U-U-Cp, Cp) A-A-J/--C-U- 
Gp. Limited digestion of the intact tRNA (fig. 5) 
with ribonuclease A gave a product terminating in 
-G-A-C-Up, and tkereby established the deduced 
sequence. We placed Up in the first position of the 
anticodon by analogy with other known tRNA se- 
quences [ 131. 
2.10. Sequences of ribonuclease A products 
A fingerprint of a ribonuclease A digest of T4 
tRNA@’ is given in fig. 3, together with the se- 
quences of the products and their molar yields. Alka- 
line hydrolysis and ribonuclease T, digestion estab- 
lished the sequence of all the products except that 
of (Gp, A-Gp) Tp. Limited digestion of this prod- 
uct with spleen phosphodiesterase gave products of 
A-G-Tp and G-Tp, thus establishing the sequence 
G-A-G-Tp. 
2.11. Analysis of minor nucleotides 
These were characterised by completely digesting 
tRNAG1v with ribonuclease T, and analysing the 
products by two-dimensional thin-layer chromatog- 
raphy [ 131. The identity of the standard and known 
minor nucleotides are given in fig. 4. Products S?, 
S2, S3 and S4 probably represent derivatives of Up, 
although the data do not eliminate the possibility 
that they are modified forms of other nucleotide 
residues in ribonuclease T, product 13. S3 is near 
the position of 5methylaminomethyl-2-thiouridylic 
acid [ 131 . Products S 1, S2 and S4 are in positions 
that have not previously been characterised. We spec- 
ulate that they represent different modification 
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Fig. 6. Cloverleaf structure of tRNAG*y. 
states of S3 or degradation products. Additional char- 
acteristics include the observations that alkali hydroly- 
sis or digestion with ribonuclease T, of T, product 
13’ (fig. 2) which contains Sl, followed by electro- 
phoresis at pH 3.5 on Whatman 540 paper, gives a mi- 
nor nucleotide migrating slightly ahead of Gp 
(RU = 0.89). Similar analysis of T, product 13, which 
contains S2, S3 and S4, gives a minor nucleotide that 
migrates just off the origin (RU = 0.08). 
2.12. Limited digestion to obtain overlapping frag- 
ments 
A comparison of the ribonuclease T, and ribonu- 
clease A digestion products allows much of the se- 
quence of the intact tRNA to be deduced as a result 
of the fortuitous positions of the minor nucleotides 
and the presence of unique ribonuclease A products. 
Thus, only a small number of overlaps were needed 
to complete the structure. This was achieved by 
limited digestion of tRNAG1y with ribonuclease A, 
separating the products by homochromatography and 
analysing them by complete digestion with ribonu- 
clease Tt and A; these digestion products were subse- 
quently analysed by digestion with ribonuclease A 
A-U /u 
,m2’G-“-A-A-~ &c 
G . . . . . 
’ D --A-u-u-A-c kc 
Fig. 7. Alternate base pairing scheme for the dihydrouridine 
loop of tRNAGly. 
and T, , respectively. The sequences of the products 
used in deducing the final structure are shown in fig. 5. 
3. Discussion 
The nucleotide sequence of tRNAG1y is arranged in 
the cloverleaf pattern in fig. 6. While this molecule 
conforms to the structural features associated with 
other known tRNA sequences, we have not as yet 
tested its aminoacyl acceptor activity or its triplet 
binding capacity. The chiomatographic properties of 
the ‘wobble’ nucleotide Up suggest hat it may be re- 
lated to 5-methylaminomethyl-2-thiouridylic acid, in 
which case the tRNA would recognise the glycine 
code word GGA, or possibly GGA and GGG [ 131. 
This speculation is consistent with other work [3] 
that has demonstrated the stimulation by T4 infection 
of a glycine tRNA that is capable of recognising GGG, 
but not GGU or GGC, in the oligonucleotide binding 
assay. 
E. coZi contains at least three distinct tRNA species 
for glycine [ 141. The nucleotide sequences of the 
GGU/C and the GGG specific glycine tRNA’s have 
been reported [ 14,151. A comparison of these with 
the T4 tRNAGlY sequence reveals that approximately 
60% of the residues in corresponding positions are 
identical. The regions of greatest homology are the 
5’-3’-amino acid acceptor stem and the T--$--C loop 
with its supporting stem. Structural studies of other 
E. coli glycine tRNAs with different coding proper- 
ties will possibly give us information about the phylo- 
genie relationship between host and T4 glycine tRNA 
genes. Similar comparisons of T4 and E. coZi serine 
tRNAs has revealed a close evolutionary relationship 
between them (Barrel1 and McClain, manuscript in 
preparation). 
A distinctive feature of the T4 tRNAG1v is its rapid 
mobility during gel electrophoresis (fig. 1). A chain 
length of 66 residues is estimated using the empirical 
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formula that gel mobility is inversely proportional to 
the logarithm of the molecular weight; the structure 
presented here (fig. 6) is 74 residues in length. If there 
is substance to the alternate base pairing scheme for 
the dihydrouridine loop presented in fig. 7, it may be 
responsible for condensing the molecule sufficiently 
to cause more rapid gel migration. 
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